Abstract. If active neutrinos undergo non-standard ("secret") interactions (NSνI) the cosmological evolution of the neutrino fluid might be altered, leaving an imprint in cosmological observables. We use the latest publicly available CMB data from Planck to constrain NSνI inducing ν − ν scattering, under the assumption that the mediator φ of the secret interaction is very light. We find that the effective coupling constant of the interaction, g 4 eff ≡ σv T 2 ν , is constrained at < 2.35 × 10 −27 (95% CI), which stregthens to g 4 eff < 1.64 × 10 −27 when Planck non-baseline small-scale polarization is considered. Our findings imply that after decoupling at T 1 MeV, cosmic neutrinos are free streaming at redshifts z > 3800, or z > 2300 if small-scale polarization is included. These bounds are only marginally improved when data from geometrical expansion probes are included in the analysis to complement Planck. We also find that the tensions between CMB and low-redshift measurements of the expansion rate H 0 and the amplitude of matter fluctuations σ 8 are not significantly reduced. Our results are independent on the underlying particle physics model as long as φ is very light. Considering a model with Majorana neutrinos and a pseudoscalar mediator we find that the coupling constant g of the secret interaction is constrained at 7 × 10 −7 . By further assuming that the pseudoscalar interaction comes from a dynamical realization of the see-saw mechanism, as in Majoron models, we can bound the scale of lepton number breaking v σ as (1.4 × 10 6 )m ν .
Introduction
The existence of a cosmic background of thermal relic neutrinos is one of the predictions of the standard cosmological model. In the early Universe, this cosmic neutrino background (CνB) is kept in equilibrium with the cosmological plasma by weak interactions. Later, when the temperature of the Universe drops below ∼ 1 MeV, the interaction probability per Hubble time becomes negligibly small and neutrinos enter the so-called free-streaming regime, in which they essentially move along geodesics and are coupled to the other species only through the gravitational potentials. This picture is strongly supported by observations; in particular, the prediction for the neutrino density at different times of the cosmic history (most notably at the time of Big Bang nucleosynthesis and of hydrogen recombination), as parameterized by the effective number of degrees of freedom N eff , is well in agreement with the value inferred from the abundances of light elements and from observations of the cosmic microwave background (CMB). However, the value of N eff by itself does not give any information about the free-streaming nature of neutrinos. Nowadays cosmological data, in particular cosmic microwave background (CMB) observations from the Planck satellite, provide a unique channel to study extensions of the standard ΛCDM, possibly grounded in some new physics beyond the standard model (SM) of particles. In some of these extensions, the collisionless behaviour of neutrinos at T < 1 MeV is modified, due to some hidden interaction in the neutrino sector. Such non-standard ("secret") neutrino interactions (NSνI) could also be related to the mechanism giving origin to the small neutrino masses, like in Majoron models [1] [2] [3] [4] . Probes of NSνI include Z-boson decays [5] [6] [7] , coherent neutrinonucleus scattering [8] [9] [10] [11] [12] , supernova cooling [13] [14] [15] [16] [17] [18] , neutrinoless double β decay [19] [20] [21] , detection of ultra-high energy cosmic neutrinos in neutrino telescopes [22, 23] , Big-Bang nucleosynthesis [24, 25] , and, last but not least, CMB, the focus of this work [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
In this work we consider the possibility that the three active neutrinos of the SM have secret self-interactions, and derive constraints on the interaction strength from the Planck 2015 observations of the CMB temperature and polarization anisotropies, complemented by external data. We focus on the case in which the new interaction is mediated by a very light, possibly massless, particle. Constraints on this scenario were previously obtained in Refs. [32, 36] , using Planck 2013 data. In particular, in Ref. [32] , we obtained constraints on the neutrino self-interaction rate by explicitly introducing a collision term in the Boltzmann equation for neutrinos, while other works relied on an effective description of the collisional properties of the fluid. In terms of the effective coupling constant g eff used in this paper (see next section for the definition), we found g eff < 2.7 × 10 −7 (95% credible interval). Here we update our previous analysis using the latest publicly available data from Planck, that include observations of the CMB polarization on a wide range of angular scales. We also consider a specific particle physics model in which secret neutrino interactions might arise, showing the connection between the Lagrangian of the model and the cosmological collision rate of neutrinos.
The case of neutrino interactions mediated by a heavy particle (so that one effectively deals with a four-point interaction) has been instead considered in Refs. [26, 34] , as well as in Ref. [36] . Recently, four-point interactions between active neutrinos have been considered as a possible way to solve the tensions between different measurements of H 0 and σ 8 [35] . Non-standard interactions among sterile neutrinos in a cosmological setting have instead been studied in Refs. [33, [37] [38] [39] [40] as a possible way to reconcile short-baseline neutrino oscillation anomalies with cosmological data. In this paper we will only consider interactions among active neutrinos.
This paper is organized as follows. In Sec. 2 we briefly explain how secret interactions are implemented in a cosmological framework. Sec. 3 describes the datasets used in our analysis, while in Sec. 4 we present the results of our analysis. We discuss the implication of our findings for a specific particle physics model in Sec. 5, and we finally draw our conclusions in Sec. 6.
Neutrino secret interactions in cosmology
We consider NSνI between active neutrinos mediated by a very light particle φ. Such interactions might arise in extensions of the SM of particle physics, and are possibly related to the origin of neutrino masses [1] [2] [3] [4] . However, in order to cover a wide class of models, we will for the moment avoid to specify the details of the underlying particle physics theory and just focus on some general features of the new interactions that impact the cosmological phenomenology. We will anyway interpret our results in the framework of a specific particle physics model in Sec. 5.
Denoting with g the dimensionless coupling between neutrinos and the φ boson, the cross section σ for φ-mediated neutrino-neutrino scattering, ν + ν → ν + ν, will be of the form σ ≈ g 4 /E 2 , where E is some relevant energy scale (for example, the energy in the center-of-mass frame). The thermally-averaged cross section times velocity σv will then be, for relativistic neutrinos at temperature T ν :
where ξ is a numerical factor, whose precise value depends on the underlying particle physics model. The scattering rate Γ ≡ n ν σ bin v is thus
where we have taken into account that n ν = (3/2) × (ζ(3)/π 2 ) × T 3 ν 0.183 × T 3 ν for a single neutrino family. This motivates the following phenomenological description of the neutrino scattering rate: Γ = 0.183 × g Neutrino collision rate Γ in units of the expansion rate H. The solid lines are drawn considering the total collision rate, i.e. for both weak processes and φ-mediated interactions, and correspond to g = {1, 2, 3} × 10 −7 from bottom to top. We also show the usual weak collision rate (purple long dashed line) and the φ-mediated collision rate for g = 1 × 10 −7 (red short dashed line). The gray band shows the region in which the collision rate is larger than the Hubble rate.
With this definition 1 , g eff ≡ ξ 1/4 g is an effective coupling constant that encloses such details as the precise structure of the underlying theory, the effect of thermal averaging, etc. Given a definite form of the Lagrangian of the theory, this can be remapped, to a good approximation, to a collision rate of the form (2.3), for the purposes of its effect on the evolution of cosmological neutrino perturbations. Seen in another way, the quantity that we are actually constraining is the (temperature-independent in the high-energy limit) combination σv T 2 ν . Given that the expansion rate of the Universe decreases faster than T (since H ∝ T 2 and T 3/2 during the radiation-and matter-dominated eras, respectively), it follows that, in presence of a hidden interaction mediated by a light particle, neutrinos, after having decoupled from the primordial fluid at T ∼ 1 MeV, become collisional again. The redshift z νrec , at which this recoupling 2 happens, depends on the strength of the secret interaction, and can be derived by means of the relation Γ(z νrec ) H(z νrec ). To illustrate this, in Fig. 1 we show the ratio between the scattering rate Γ (also including the contribution from weak processes at high temperatures) and H; at early times (z > 10 10 ) the weak interaction dominates, while later (z 10 5 ÷ 10 3 , for the values considered in the figure), the collisional rate due to the hidden interactions becomes larger than the Hubble expansion rate leading to neutrino recoupling.
Boltzmann codes like CAMB start integrating cosmological perturbations well after weak decoupling, so that neutrinos are effectively collisionless at all times of interest in the ΛCDM model, as well as in many of its more popular extensions. In the scenario considered here, however, once neutrino collisions become relevant again at z z νrec , their effect on the evolution of perturbations in the neutrino fluid, and consequently on the cosmological observables, should be taken into account by inserting a suitable collision term in the right-hand side of the Boltzmann equation for the neutrino distribution function f ν . As in our previous work [32] , we use the relaxation time approximation and model the collision termĈ[f ν ] as being proportional, through the collision rate Γ, to minus the deviation δf ν of the distribution function from equilibrium, i.e.Ĉ[f ν ] = −Γδf ν .
We choose for simplicity to neglect the effect of non-zero neutrino masses on the cosmological evolution, so that we can approximate neutrinos as massless in CAMB and work with the momentum-integrated version of their Boltzmann hierarchy (see Ref. [41] ). Given the precision of the data considered in our analysis (see Sec. 3), this is basically equivalent to fix the sum of neutrino masses M ν to 0.06 eV, the minimum value allowed by flavour oscillation experiments. Thus we expect that our limits on g eff should not significantly change if we were to consider massive neutrinos with M ν = 0.06 eV.
For massless neutrinos, the presence of ν − ν scatterings amounts, in the relaxation time approximation, to modifying the Boltzmann hierarchy as follows:
where we use the same notation as Ma & Bertschinger [41] , and the monopole and dipole ( = 0, 1) of the collision term are set to zero, as it follows from the conservation of particle number and momentum. The 2 ↔ 2 collisions lead a suppression of the quadrupole ( = 2), i.e. the anisotropic stress σ ν , and of all the highest moments of the distribution function, and to a corresponding enhancement of the monopole and dipole ( = 0, 1), i.e. the density and velocity perturbations δ ν and θ ν . These changes propagate to the photon distribution, and thus to the CMB spectrum, through the gravitational potentials. In Fig 2, we show the effect of neutrino secret interactions on angular power spectrum (APS) of CMB temperature and polarization fluctuations, compared to the standard cosmological model. The explanation of the impact on the evolution of perturbations is given in more detail in Section 5 of Ref. [32] . Here we just recall the basic points. For perturbations at intermediate scales, entering the horizon not too far from neutrino recoupling, acoustic oscillations set up in the neutrino fluid so that shear oscillations are overdamped and the neutrino density and pressure perturbations are enhanced, as seen above. For smaller scales, neutrino recoupling happens when the perturbations are well inside the horizon and have already been damped. On the other hand, scales that enter the horizon after neutrino recoupling are also less affected, since neutrino interactions were relevant for a smaller fraction of their evolution inside the horizon. This is seen quite clearly in the lower part of the plots in Fig. 2 , where we show the difference between spectra with and without non-standard neutrino interactions, vanishing at small and large multipoles. In the discussion so far we have implicitly assumed that it exists a suitable base of neutrino states in which the interaction is diagonal, and that the φ couples in the same way to all the interaction eigenstates. In other words, if g ij is the matrix of couplings, we take g ij = gδ ij . This allows to write a single hierarchy for neutrinos like the one in Eqs. 2.4, as opposed to three distinct hierarchies with different Γ's on the right-hand side. We expect however that, even if the elements of the coupling matrix are not identical, the limits that we derive can also be regarded as order-of-magnitude constraints for the largest of them.
We also ignore the possibility that the new interaction induces neutrino decay. This amounts to require that the off-diagonal elements of g ij vanish in the basis of mass eigenstates. Finally, once neutrinos recouple, a population of φ's is quickly created by neutrino annihilations, ν + ν → φ + φ. Shortly after, the φ creation is balanced by the inverse reaction φ + φ → ν + ν and chemical equilibrium is established. Similarly, ν − φ scatterings drive the system to kinetic equibrium as well. As noted in Refs. [36, 42] , in the limit in which both neutrinos and the new bosons are massless, this makes Eqs. (2.4) also describe the coupled ν − φ fluid. The situation is different for massive neutrinos, since once these become nonrelativistic, the inverse reaction φ + φ → ν + ν is suppressed and the neutrino population is rapidly depleted, leading to a so-called neutrinoless Universe [28] .
Method
We compare the predictions of the model to the CMB observations of the Planck satellite and to additional measurements that constrain the expansion history of the Universe, like baryon acoustic oscillations (BAO). In particular, we use the CMB temperature and polarization data publicly released by the Planck collaboration in 2015, also including the information coming for the lensing reconstruction [43] [44] [45] . The baseline dataset consists of the TT APS across the whole range of scales measured by Planck (2 ≤ ≤ 2500), denoted Planck 15 TT following the conventions of the Planck collaboration papers, together with the low-(2 ≤ ≤ 29) polarization (lowP). For the sake of conciseness, in the following we shall omit to mention the presence of the low-polarization data, but their presence should be always understood, in any dataset combination. Thus we will refer to the baseline dataset as simply Planck 15 TT instead of Planck 15 TT + lowP. The enlarged dataset that also includes the high-( ≥ 30) polarization data is similarly denoted as Planck 15 TTTEEE.
We also consider geometrical information coming various sources: i) measurements of the BAO scale, in particular the BAO results from the 6dF Galaxy Survey [46] , from the BOSS DR11 LOWZ and CMASS samples [47] , and from the Main Galaxy Sample of the Sloan Digital Sky Survey [48] ; ii) the Joint Lightcurve Analysis (JLA) supernova sample [49] , which is constructed from the SNLS and SDSS SNe data, joined with several samples of low redshift SNe; iii) the Hubble space telescope data, as reanalysed in ref. [50] . The combination of the JLA, BAO and HST dataset will be denoted as "ext".
We compute theoretical CMB power spectra using a version of the CAMB code [51] , modified as explained in Sec. 2. We derive constraints on the parameters of the model using the Monte Carlo Markov Chain code CosmoMC interfaced with our modified version of CAMB. The likelihood function associated to the Planck data is computed using the code publicly released by the Planck collaboration 3 . We study first a one-parameter extension of the ΛCDM model in which we add the effective coupling g eff to the six parameters of ΛCDM. As explained in Sec. 2, we always consider massless neutrinos. We take a flat prior on g 4 eff , and not on g eff , since the former is the parameter that enters directly the perturbation equations (2.4). We also consider two-parameter extensions of ΛCDM, in which we also vary one among the effective number of relativistic species N eff, the tensor-to-scalar ratio r and the primordial helium abundance Y He .
Results and discussion
Let us start by considering the minimal extension of the ΛCDM model, in which we add the secret interaction strength to the parameter space of the ΛCDM model, through the effective coupling constant g eff (ΛCDM+g eff ) defined in Eq. (2.3). We first show results obtained with the Planck 15 TT baseline dataset, and then proceed to add the other datasets described in the previous section. For the Planck 15 TT dataset, results are shown in Tab 1. We find that the coupling constant is constrained to be g 4 eff < 2.9 × 10 −27 . This limit is noticeably tighter, nearly a factor of 2, with respect to the one obtained in our previous paper [32] using the 2013 Planck results, that reads g 4 eff < 4.6 × 10 −27 in terms of the parameterization used in this paper. For what concerns the base ΛCDM parameters, comparing with the results reported in the Planck parameters paper [52] , we observe shifts between ∼ 0.4 and 1 σ in θ s , n s , Ω c h 2 and Ω b h 2 (in order of decreasing magnitude of the shift), and negligible changes in τ and A s . When we also consider, in addition to Planck 15 TT, the astrophysical datasets or the lensing reconstruction, we find g 4 eff < 2.8×10 −27 (Planck 15 TT+ext) and g 4 eff < 2.4×10 −27 at 95% CL (Planck 15 TT+lensing). In both cases results are consistent with respect to those obtained with the baseline dataset. The posterior distributions for g 4 eff derived using the Planck 15 TT, Planck 15 TT+ext and Planck 15 TT+lensing datasets are shown as the blue curves in Fig. 3 . In terms of the recoupling redshift z νrec , these limits correspond to z νrec < 5050 (Planck 15 TT), < 4750 (Planck 15 TT+ext), < 3800 (Planck 15 TT+lensing). The bounds become even tighter when considering the latest public Planck likelihood which includes temperature and polarization data. Results for this case are summarized in Tab. 2, and the corresponding posteriors for g 4 eff are shown as the red curves in Fig. 3 . We find a mild (roughly at the 1.5σ level) preference for a non-zero value of the effective coupling constant, that is very stable with respect to the dataset considered. We find g 4 eff = (0.82
−0.60 ) × 10 −27 for Planck 15 TTTEEE, and nearly identical values when either external astrophysical datasets or lensing are considered. The central value of the g 4 eff posterior corresponds to a redshift of neutrino-neutrino recoupling z νrec 800, with a 68% credible interval 70 < z νrec < 1370. The 95% CL constraint is g 4 eff < 1.7 × 10 −27 for Planck 15 TTTEEE, or z νrec < 2500. The results obtained using high-Planck polarization should however not be overinterpreted, since it is possible that a low-level residual systematics is still present in the data [44] .
In Fig. 4 we present the 1D and 2D credible intervals for some of the parameters that show the largest shifts between the standard ΛCDM and the ΛCDM+g eff model. We already noted above the shifts in some of the base parameters, including n s as shown in the figure. The shifts in θ s and in the matter density further contribute to ∼ 0.5 σ shifts in H 0 and σ 8 , also shown in Fig. 4 . In particular, both parameters are shifted higher with respect to their ΛCDM value: H 0 = 68.12 ± 0.69 km/s/Mpc and σ 8 = 0.844 ± 0.013. The H 0 shift is in the right direction to alleviate the tension between the cosmological and astrophysical Figure 4. One-dimensional posteriors and two-dimensional 68%, 95% and 99% credible regions for a subset of parameters in the ΛCDM+g eff (red) and ΛCDM (blue) models obtained using Planck 15 TTTEEE dataset. We consider the following parameters: 10 27 g eff , n s , H 0 , σ 8 and 10
measurements of this parameter [53] , but the magnitude of the shift is too small to reduce the tension significantly. The shift in σ8, on the other hand, is in the "wrong" direction, in the sense that it goes towards exacerbating the tension between high-and low-redshift probes of the clustering amplitude. Even in this case, however, the shift is marginal. Then, we enlarge the parameter space adding individually three more parameters: the effective number of extra relativistic degrees of freedom ΛCDM+g eff +N eff , the primordial helium abundance ΛCDM+g eff +Y He and the tensor-to-scalar ratio ΛCDM+g eff +r. Table 3 . Bayesian credible intervals for the parameters of the ΛCDM + g eff + N eff and ΛCDM + g eff + r models from the analysis of the Planck
TT
and Planck 15 TTTEEE datasets. We quote 68% credible intervals, except for upper bounds, which are 95%.
Secret neutrino interactions in Majoron models
The idea at the basis of Majoron models is that lepton number L, which is necessarily violated if neutrinos are Majorana particles, is spontaneously broken globally [1, 3] . The Majoron is the massless Goldstone boson that appears in the theory once the L symmetry is broken. In this framework, a dynamical realization of the see-saw mechanism is achieved, since the vacuum expectation value (vev) v σ of the parent field σ of the Majoron generates the "large" Majorana term in the neutrino mass matrix. Once the mass matrix is diagonalized, two massive Majorana neutrinos emerge (per each generation), with masses m light ≈ v 2 Φ /v σ and m heavy ≈ v σ , where v Φ v σ is the vev of the Standard Model Higgs doublet. Diagonalization of the mass matrix also yields Majoron-neutrino Yukawa interactions, which might be responsible for neutrino-neutrino scatterings like those considered in this work.
In more detail, in Majoron models n right-handed neutrinos ν R are added to the particle content of the SM, together with a complex singlet 4 Higgs field σ, the parent field of the Majoron. This alllows to write the SU (2) L × U (1) invariant Lagrangian (for n = 1):
where
T is the standard model Higgs doublet,Φ = iσ 2 Φ * , and c stands for the charge conjugate partner, i.e. ν c R = Cν T R , with C being the charge conjugation matrix. In the unitary gauge, we can write the neutrino-Higgs Yukawa lagrangian as
where v Φ is the vev of the Higgs doublet. Similarly, writing σ = (v σ + ρ + iJ)/ √ 2, yields the neutrino-singlet Yukawa lagrangian:
The imaginary part of σ is the Majoron J. The part containing the vevs of the scalar fields generates mass terms for neutrinos:
In particular, this is a Dirac-Majorana mass term with Dirac mass m D ≡ y Φ v Φ / √ 2 and Majorana mass for the right-handend neutrinos m R /2 ≡ y σ v σ / √ 2. Diagonalization of the mass matrix in the see-saw limit m R m D (i.e., v σ v Φ ) yields two eigenstates with definite masses
with m 2 m 1 . The corresponding left-handed mass eigenstates ν 1L and ν 2L , expressed in terms of ν L and ν c R , are readily found to be
4 See Ref. [2] for a model in which the Majoron is instead a Higgs triplet.
From this last expression it is clear that ν L and ν c R mix to form a "light" and a "heavy" eigenstate. The small mixing angle θ is given by tan 2θ = 2m D /m R 1. One can build the two Majorana fields ν i ≡ ν iL + ν c iL (i = 1, 2) that clearly satisfy the condition ν i = ν c i . Now let us turn our attention to the part of the lagrangian responsible of the neutrinoMajoron interactions. From Eq. 5.3, we get:
Inverting Eqs. (5.8) to express ν c R in terms of the mass eigenstates, and using the Dirac matrix γ 5 to express ν 1L and ν 2L as the left-handed projections of ν 1 and ν 2 finally yields:
If we now concentrate on the last term in Eq. (5.10), this corresponds to an interaction term of the form 5 
The presence of this vertex allows light neutrino scattering ν 1 ν 1 → ν 1 ν 1 mediated by a Majoron. The tree-level amplitude for this process can be computed following the Feynman rules for Majorana particles 6 , and yields, in the limit of very small ν 1 and J masses, an unpolarized total cross section: 12) where s is the square of the center-of-mass energy. The cross section enters in the Boltzmann evolution of the cosmological neutrino gas in the form of the thermally-averaged cross section times velocity σv [56] ; this can be readily computed to give 13) which has exactly the same form as Eq. (2.1), with ξ = π 3 /2592 ζ(3) 2 8.3×10 −3 . Here ζ (3) is the Riemann Zeta function of 3. In order to connect with the results shown in the previous sections, it is enough to note that g eff ≡ ξ 1/4 g 0.3g for the class of models considered here. Then, if the neutrino interaction Lagrangian is extended by adding a term of the form (5.11), the limits reported in Tabs. 1 and 2 imply:
(95% CL). (5.14)
If we further assume that the interaction Lagrangian (5.11) stems from (5.1), i.e. from a dynamical realization of the see-saw mechanism, as illustrated at the beginning of this section, the following bound can be derived from (5.14):
where we have used g = m 1 /v σ , and m ν ≡ m 1 . This picture is still qualitatively valid if one considers its extension to the case of n > 1 neutrino families. In that case, the mass spectrum will still split into n light and n heavy neutrinos. A perturbative expansion of the coupling matrix between the Majoron and light neutrinos belonging to mass eigenstates i and j yields [3] g ij = (m i /v σ )δ ij ∼ 2 δ ij to leading order in the small quantity ≡ m D /m R . In other words, at leading order couplings in the mass basis are diagonal, and, as in the n = 1 case, directly proportional to the neutrino masses. Off-diagonal couplings g ij (i = j), that might generate neutrino decays, are suppressed like 4 .
In our treatment of the collisional Boltzmann equation, outlined in Sec. 2, we have implicitly assumed that the couplings are diagonal and do not depend on the particular mass eigenstate, i.e. that the coupling matrix is proportional to the identity matrix. In the framework discussed in this section, this amounts to the assumption that neutrino masses are nearly degenerate. However we expect our results to still hold qualitatively even if neutrino masses are hierarchical.
Conclusions
Cosmological observations are in excellent agreement with the standard picture of neutrino decoupling at T 1 MeV and being free-streaming afterwards. However, non-standard neutrino interactions might change this picture, leaving a distinct imprint on the CMB anisotropy pattern. We have analysed the most recent publicly available Planck data in a framework in which neutrinos have secret self-interactions, with the complementary goals of i) testing the free-streaming nature of the cosmic neutrinos, and ii) constraining the strength of the self interaction, parametrised in the form of an effective coupling constant g eff . We have considered the case of a very light mediator φ for the new interaction, and thus an interaction rate for νν → νν scaling as Γ ∝ g 4 eff T , corresponding to a thermally-averaged cross section σv = g 4 eff /T 2 . In this framework, cosmic neutrinos, after electroweak decoupling, become collisional again at some later time. This leaves a distinct signature in the CMB power spectrum, in the form of an amplitude boost and a phase shift at the scales that enter the horizon while neutrinos are collisional, as shown in Sec. 2.
Note that it is possible to consider other classes of models than those considered here. For instance, another well-studied scenario is the one in which the secret mediator is very heavy, so that the self-interaction reduces to a Fermi-like four-point interaction, and the scattering rate Γ ∝ G 2 X T 5 in this case. This has been recently proposed [35] as an alternative to the standard ΛCDM model solving the tensions between CMB and low-redshift measurements of H 0 and σ 8 . We have instead focused on the complementary limiting case of a very light mediator.
Throughout our analysis, we have approximated neutrinos as being massless when calculating both the scattering cross-sections, and their effect on the evolution of cosmological perturbations. Although this might seem as a strong assumption at first, note that most of the constraining power of the CMB to secret interactions comes from redshifts where neutrino masses are negligible. Moreover, given the sensitivity of current experiments, our assumption basically amounts to fixing the sum of neutrino masses to the minimum value allowed by oscillation experiments, m ν = 0.06 eV. On the other hand, this approximation is presumably not accurate enough for future data, given the sensitivity of next-generation experiments.
We have found a 95% credible interval for the effective coupling constant g 4 eff < 2.35 × 10 −27 from a baseline dataset consisting of the Planck 2015 temperature, large-scale polarization and lensing data. This bound becomes g 4 eff < 1.64 × 10 −27 when Planck 2015 small-scale polarization is also included, and represents an improvement of more than a factor 3 with respect to the limits that we previously derived using the Planck 2013 data [32] . We have found no significant improvement in these bounds when also considering geometrical information in the form of measurements of the BAO scale, astrophysical determinations of the Hubble parameter, and observations of type IA supernovae. From the point of view of the cosmological evolution, our results are more easily interpreted by remembering that g eff ≡ σv T 2 . The bounds can also be easily rephrased in terms of the redshift z νrec at which neutrinos cease to free-stream: z νrec < 3800 (95% C.I.) for the baseline dataset, and z νrec < 2300 when small-scale polarization is added. Thus we find that neutrinos are free-streaming at least until close to the time of matter-radiation equality. Finally, we find that tensions between CMB and low-redshift measurements of the expansion rate and of the amplitude of matter fluctuations are not alleviated when NSνI of this kind are considered. We caution however that we have not employed techniques specifically targeted to the search of multiple peaks in the joint posterior distribution of the model parameters. The results summarized up to this point, reported in Sec. 4, do not depend on the underlying particle physics model, as long as the assumption that the mediator φ is very light holds.
On the other hand, from the point of view of particle physics, the quantity g eff can be seen as a proxy for the actual coupling constant g appearing in the interaction Lagrangian of neutrinos, in the sense that g eff ∼ g up to a numerical factor, typically of order unity. We can reasonably expect that, barring cancellations, our results give an order-of-magnitude constrain for interaction terms (sketchily) of the form gνΓ A φ A ν, where A is some combination of Lorentz indices and Γ A is some combination of Dirac γ matrices, and the mediator φ A is very light. The upper limit for g lies somewhere in the ballpark of (few ×10 −7 ), where a more precise value can be obtained once the form of the Lagrangian is specified. Even without picking up a specific model, this constrain is anyway better than those that can be obtained with other probes (e.g. neutrinoless double β decay). We have explicitly shown in Sec. 5 that if we consider a pseudoscalar interaction between Majorana neutrinos, i.e. an interaction Lagrangian of the form L int = 1 2 g φν(iγ 5 )ν, our limits on σv T 2 imply g < 7 × 10 −7 . By further assuming that the pseudoscalar interaction originates as a consequence of the (leptonnumber breaking) mechanism that generates small neutrino masses, as in Majoron models, we have been able to put the following loose constraint on the scale v σ of lepton number breaking: v σ > (1.4 × 10 6 ) m ν .
